Adaptive hybrid precoding for multiuser massive MIMO by Zhu, Xudong et al.
776 IEEE COMMUNICATIONS LETTERS, VOL. 20, NO. 4, APRIL 2016
Adaptive Hybrid Precoding for Multiuser Massive MIMO
Xudong Zhu, Zhaocheng Wang, Linglong Dai, and Qi Wang
Abstract—Hybrid precoding (HP) is widely utilized in
millimeter wave-based massive MIMO systems with significantly
reduced radio frequency (RF) chains, but it requires a large
number of analog phase shifters (APSs) and RF adders to realize
the connection between RF chains and antenna elements. In
this letter, an adaptive hybrid precoding (AHP) is proposed to
approach the performance of the conventional HP with reduced
complexity. Different from the conventional HP where each
antenna is connected to all RF chains through APSs and RF
adders, the proposed AHP connects each antenna with only one
RF chain through an adaptive connection network. This adaptive
connection network and the phases of APSs are jointly designed,
which is formulated as an optimization problem to maximize the
users’ average downlink achievable rate. Moreover, a multiuser
adaptive analog precoding (MU-AAP) algorithm is proposed
to provide a near-optimal solution to this joint-design problem.
Simulation results verify the performance gain of the proposed
AHP in typical multiuser massive MIMO scenarios.
Index Terms—Massive MIMO, millimeter wave, hybrid
precoding, adaptive connection, analog phase shifter.
I. INTRODUCTION
M ASSIVE multiple-input multiple-output (MIMO) hasbeen recently investigated to meet the exponential
increase of mobile traffic in millimeter wave (mmWave) wire-
less systems [1]–[3], whereby a base station (BS) equipped
with a large number of antennas serves a set of users simul-
taneously. Asymptotic analysis based on random matrix theory
[2] demonstrates that simple linear precoding schemes, such as
matched-filter (MF) and zero-forcing (ZF), are virtually opti-
mal and comparable to nonlinear precoding schemes in massive
MIMO systems. However, the full digital baseband precoding
(FD-BP) scheme [1], [2] requires the same number of radio fre-
quency (RF) chains (including up-converters, digital-to-analog
converters, mixers, power amplifiers, and so on) as the number
of antenna elements, which leads to extreme high hardware cost
in massive MIMO scenarios.
The reduction of the hardware cost has been widely stud-
ied in the literature [4]–[9]. The hybrid precoding (HP) [4]–[6]
involving both digital and analog processings is able to reduce
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the number of RF chains from the number of antenna ele-
ments to the number of data streams. Considering multi-user
scenarios, the multi-user HP is proposed in [7] to serve a set of
users simultaneously, where the number of required RF chains
only equals to the number of users. However, all these exist-
ing HP methods are based on the conventional architecture, i.e.,
each RF chain is connected to all antennas through analog phase
shifters (APSs) and RF adders. Thus, the number of required
APSs is as large as the product of the number of RF chains
and the number of antenna elements, which leads to an exces-
sive hardware cost [8]. Moreover, it should be pointed out that
RF adders with multiple inputs are complex [8], [9], and the
requirement of a large number of such RF adders makes the
practical implementation infeasible.
In this letter, an adaptive hybrid precoding (AHP) is pro-
posed to approach the performance of the conventional HP with
reduced complexity. Different from the conventional HP where
each RF chain is connected to all antennas through APSs and
RF adders, an adaptive connection network is added between
APSs and RF chains, and no RF adders are required. Such net-
work is utilized to adaptively match the analog precoding with
the downlink (DL) channel to maximize the users’ average DL
achievable rate. Specifically, the joint-design of the adaptive
connection network and the phases of APSs is formulated as an
optimization problem, and a multi-user adaptive analog precod-
ing (MU-APP) algorithm is proposed to provide a near-optimal
solution for practical implementation. Simulation results ver-
ify the effectiveness of the proposed AHP scheme in typical
mmWave based multi-user massive MIMO scenarios.
II. SYSTEM MODEL
As shown in Fig. 1 (a), we consider the HP based DL
transmission of a multi-user massive MIMO system consisting
of a BS with M antennas and K single-antenna users [1]–
[3]. Generally, the received DL signal at all K users can be
represented as
y = HT FWx + n, (1)
where H = [h1 h2 · · · hK ] ∈ CM×K denotes the DL
channel matrix between the BS and all K users,
F = [f1 f2 · · · fK ] ∈ CM×K denotes the analog precoding
matrix, W = [w1 w2 · · · wK ] ∈ CK×K denotes the digital pre-
coding matrix, x ∈ CK×1 denotes the transmit symbol vector
with Ex{xxH } = PK IK where P is the transmit power at the
BS, n = [n1 n2 · · · nK ]T denotes the additive white Gaussian
noise vector, i.e., nk ∼ CN(0, σ 2n,k) at the k-th user. To keep the
total transmit power unchanged, the digital precoding matrix
W should be normalized to satisfy ||FW||2F = K , where || · ||F
denotes the Frobenius norm.
Based on the received uplink pilot signal, the BS is able
to obtain the knowledge of channel matrix H [1]–[3]. After
that, variant precoding algorithms [4]–[9] could be utilized to
calculate F and W for DL transmission. Hence, the DL signal-
to-interference-plus-noise-ratio (SINR) at the k-th user can be
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Fig. 1. Hybrid precoding for multi-user massive MIMO systems: (a) A typical multi-user massive MIMO system; (b) The conventional HP with M K APSs and
M RF adders; (c) The proposed AHP with an adaptive connection network and M APSs.
represented as
SINRk =
P
K |hTk Fwk |2
σ 2n,k +
∑
i =k PK |hTk Fwi |2
, (2)
and the corresponding achievable rate of the k-th user can be
represented as Rk = EH
{
log2(1 + SINRk)
} [4]–[6].
Unlike the digital precoding matrix W, whose elements can
be modified in both amplitude and phase, only quantized phase
changes can be applied to the analog precoding matrix F due to
the practical constraints of APSs [7]–[9]. By considering B bits
quantized APSs, the j-th element in fk = [ fk,1 fk,2 · · · fk,M ]T
can be represented as
fk, j ∈ {0} ∪ B,B =
{
e
j 2πn
2B : n = 0, 1, · · · , 2B − 1
}
,
(3)
where fk, j = 0 denotes that there is no APS between the j-th
antenna and the k-th RF chain.
III. PROPOSED HYBRID PRECODING
In this section, we firstly introduce the architecture of the
conventional HP, which requires as much as M K APSs and M
RF adders. Then, the AHP is proposed to approach the perfor-
mance of the conventional HP with reduced complexity, and the
adaptive connection network and the APSs are jointly designed,
which is formulated as an optimization problem. After that, a
greedy algorithm is derived to provide a near-optimal solution
to this optimization problem, together with the analysis of the
hardware cost and the computational complexity.
A. Conventional Hybrid Precoding
As shown in Fig. 1 (b), the widely studied conventional HP
is able to approach the precoding performance of the FD-BP
[4]–[7], where each antenna is connected to all K RF chains
through K APSs and a RF adder. However, the requirement of
total M K APSs and M RF adders makes the conventional HP
infeasible for practical implementation [7]–[9].
To maximize the users’ average DL achievable rate under the
constraint of (3), we have [5]–[8]
PHP : arg max
F,W
{∑K
k=1 Rk : (3)
}
. (4)
Instead of directly solving this optimization problem PHP, var-
ious greedy algorithms with low complexity are proposed to
provide suboptimal solutions [6]–[9]. The core idea of these
existing greedy algorithms is to divide the HP design into
two step [6]–[9], i.e., the analog precoding and the digital
precoding.
Specifically, the analog precoding matrix F is firstly designed
according to the DL channel HT = [h1 h2 · · · hK ]T ∈ CK×M
or a predefined codebook [6]–[9]. Then, with the equivalent DL
channel H¯T = HT F, the conventional digital precoding meth-
ods can be adopted to eliminate the inter-user interference, e.g.,
MF precoding or ZF precoding.
B. The Proposed AHP
In this subsection, the AHP is proposed to approach the
performance of the conventional HP with reduced hardware
cost. Specifically, an adaptive connection network is added to
connect M APSs to K RF chains, which aims to match the ana-
log precoding with the DL channel to improve the users’ DL
achievable rate, and can be realized by the digital chip with low
computational complexity.
As shown in Fig. 1 (c), different from the conventional HP
where only the constraint of (3) is considered, there are two
more constraints to be added, i.e.,
∑M
j=1 | fk, j | = N , and
∑K
k=1 | fk, j | = 1. (5)
The first constraint of (5) ensures that each RF chain is con-
nected to N antennas through N APSs, where we assume
N = M/K is an integer for simplicity. The second constraint
of (5) ensures that each antennas is only connected to one RF
chain through one APS, and thus no RF adders are required.
By introducing the equivalent DL channel H¯T = HT F
(H¯T = [h¯1 h¯2 · · · h¯K ] ∈ CK×K ), the received DL signal at all
K users and the DL SINR of the k-th user can be represented as
y = H¯T Wx + n, (6)
and
SINRk =
P
K |h¯Tk wk |2
σ 2n,k +
∑
i =k PK |h¯Tk wi |2
, (7)
where h¯Tk denotes the equivalent channel vector between the
BS and the k-th user. Considering that joint design of F and W
leads to unimaginable complexity, the proposed AHP scheme
utilizes the analog precoding to enhance the users’ equivalent
channel gain H¯T = HT F and the digital precoding to eliminate
the inter-user interference
∑
i =k PK |h¯Tk wi |2 as shown in Eq. (7),
respectively.
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1) Analog Precoding Design: By considering the equiva-
lent channel matrix H¯T ∈ CK×K , it is clear that the k-th column
in H¯T as h¯Tk = hTk F indicates the equivalent channel gain
between the BS and the k-th user. Hence, by considering the
k-th user, the analog precoding design F could be formulated to
maximize the k-th user’s equivalent channel gain as
P
(k)
AHP,F : arg max
F
{
‖h¯Tk ‖2F = ‖hTk F‖2F : (3), (5)
}
. (8)
It is clear that these optimization problems provide different
analog precoding matrices Fk(1 ≤ k ≤ K ) to maximize the cor-
responding users’ equivalent channel gains. However, only one
analog precoding matrix F can be adopted for all K users.
To address this issue, the MU-AAP algorithm is proposed in
Subsection III-C.
2) Digital Precoding Design: When the analog precoding
matrix F is fixed, the design of the digital precoding matrix
actually becomes a conventional MIMO precoding problem
to eliminate inter-user interference
∑
i =k PK |h¯Tk wi |2 as shown
in Eq. (7). Then, the classical MF and ZF digital precoding
algorithms [1]–[3] could be adopted as{
WMF = √δMFH¯∗,
WZF = √δZF(H¯T )†, (9)
where δMF = K/||FH¯∗||2F and δZF = K/||F(H¯T )†||2F are uti-
lized for power normalization.
C. Multi-User Adaptive Analog Precoding
As shown in Fig. 1 (c), the analog precoding matrix F
actually consists of the adaptive connection network and M
APSs. Specifically, the adaptive connection network determines
the locations of the non-zero elements in F, while M APSs
determine the phases of non-zero elements.
Based on (8), it is clear that we have K different optimal
analog precoding matrix Fk ∈ CM×K (1 ≤ k ≤ K ) for differ-
ent users to maximize their equivalent DL channels ||hTk Fk ||2F,
respectively. However, based on the system model as shown in
Fig. 1 (c), all K users have to share the same analog precoding
matrix F. Hence, to guarantee the fairness among all K users,
we decompose the design of the analog precoding matrix F into
K columns, and the k-th column fk is designed to match the
k-th user’s DL channel, i.e.,
P
(k)
AHP,fk : arg maxfk
{
|hTk fk | : (3), (5)
}
. (10)
Due to the first constraint in (5), i.e., ∑Mj=1 | fk, j | = N , only N
out of all M elements in hk are effective. Thus, an intuitive idea
is to select the element with the largest amplitude in hk to be
effective, i.e.,
j0 = arg max
1≤ j≤M
{
|hk, j | :
∑K
k′=1 | fk′, j | = 0
}
, (11)
where the constraint
∑K
k′=1 | fk′, j | = 0 ensures that the j-th
APS can be only connected to one RF chain. Then, we set the
corresponding element in fk to match hk, j0 , i.e.,
fk, j0 = e− j
2π nˆ
2B , nˆ = arg min
n∈{0,1,··· ,2B−1}
∣∣∣∣ hk, j0|hk, j0 | − e
j 2πn
2B
∣∣∣∣ . (12)
TABLE I
BASIC SIMULATION PARAMETERS
Algorithm 1. Multi-User Adaptive Analog Precoding
Input: DL channel H, APS quantized bits B.
Output: Analog precoding: F.
1: fk, j = 0, 1 ≤ k ≤ K , 1 ≤ j ≤ M .
2: for t = 1 to N do
3: for k = 1 to K do
4: j0 = arg max j
{
|hk, j | : ∑Kk′=1 | fk′, j | = 0
}
.
5: nˆ = arg minn∈{0,1,··· ,2B−1}
∣∣∣∣ hk, j0|hk, j0 | − e
j 2πn
2B
∣∣∣∣.
6: fk, j0 = e− j
2π nˆ
2B
.
7: end for
8: end for
Intuitively, the phase of the fk, j0 is set as the quantized nega-
tive phase of the corresponding channel gain hk, j0 to enhance
the effective channel |hTk fk | [7]. Here we assume that the DL
channel knowledge H has been obtained at the BS for simplic-
ity [5]–[7]. However, it should be pointed out that effective and
perfect channel estimation for such hybrid systems is still an
open question, though several works have claimed that channel
estimation with high accuracy can be obtained by exploiting
channel sparse property [4], [10], [11].
It is clear that (11) and (12) can be consequently carried out
for N times to provide a near-optimal solution to P(k)AHP,fk . When
considering all K users, a simple extended method is to carry
out this procedure consisting of (11) and (12) for all users in
turns. However, it will cause a severe unfairness among users,
e.g., (11) is actually non-functional for the last user’s channel
vector hK since there are only N indexes left, which satisfy∑K
k′=1 | fk′, j | = 0. To address this issue, an improved algorithm
named multi-user adaptive analog precoding (MU-AAP) is pro-
posed as indicated in Algorithm 1. Specifically, within each
inner loop of the proposed MU-AAP algorithm, (11) will be
carried out for all users only once, and this inner loop will be
carried out for N times.
Compared with the conventional HP which requires M K
APSs and M RF adders, the proposed AHP only requires M
APSs and no RF adders. For example, when M = 1024 and
K = 8 are considered in typical multi-user massive MIMO sys-
tems, the proposed AHP is able to reduce the number of APSs
from M K = 8192 to M = 1024 and save all M = 1024 RF
adders. Moreover, the adaptive connection network can be real-
ized by a switch network controlled by the digital chip with low
computational complexity.
In addition, based on Algorithm 1, the computational com-
plexity ratio between the proposed MU-AAP scheme and the
conventional HP scheme is actually M2+M2BM K 2B ≈ MK > 1 with a
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Fig. 2. Simulation results: (a) The CDF of the users’ DL achievable rate with M = 256 and B = 2; (b) The average DL achievable rate per user against the
number of quantized bits B with M = 256; (c) The average DL achievable rate per user against the number of BS antennas M with B = 2.
large number of BS antennas, which means the computational
complexity is slightly increased by the proposed MU-AAP
scheme.
IV. SIMULATION RESULTS
In this section, we investigate the performance of the pro-
posed AHP through Monte-Carlo simulations. A typical multi-
user massive MIMO system is considered [1]–[3], and the basic
parameters are list in Table I. As addressed in [1]–[3], the
channel vector hk can be modeled as
hk = gk
√
zk
(rk/R)α
, (13)
where gk ∼ CN(0, IM ) denotes the small-scale fading vector,
zk represents the shadow fading and abides a log-normal distri-
bution (i.e., 10 log10(zk) is zero-mean Gaussian distributed with
standard deviation σshadow), rk is the distance between the k-th
user and the BS, and R denotes the cell radius. The location of
users are randomly generated within one cell at each trial (total
500 trials), and the minimal distance between users and the BS
is set as 50 m, i.e., rk ∈ [50 m, R].
Fig. 2 (a) plots the cumulative distribution function
(CDF) curve of the users’ DL achievable rate with M = 256
and B = 2. The FD-BP requires M RF chains [2], while the
conventional HP requires K RF chains, M K APSs, and M RF
adders. The conventional MF and ZF precoding are adopted
in FD-BP, which are the same as those adopted in the digi-
tal precoding in HP schemes. For the conventional HP, a low
complexity algorithm [7] is adopted, where the phase of each
element in F is set as the quantized negative phase of the cor-
responding element in the DL channel H. From Fig. 2 (a), it is
evident that the proposed AHP, which is realized by the MU-
APP algorithm, is able to approach the conventional HP with a
small performance gap about 0.3 bps/Hz with either MF or ZF
digital precoding.
Fig. 2 (b) shows the average DL achievable rate against the
number of quantized bits B of the APS device with M = 256.
It is clear that the average DL achievable rates of both the
conventional HP and the proposed AHP can be significantly
improved by increasing the quantized bits of the APS device,
i.e., B. When B = 6 is considered, the proposed AHP is able
to approach the conventional HP with a negligible performance
loss, and the performance gap between the proposed AHP and
the FD-BP is only about 0.3 bps/Hz with MF digital precoding.
Fig. 2 (c) presents the average DL achievable rate per user
against the number of BS antennas M with B = 2. It demon-
strates that the precoding performance can be significantly
improved by increasing the number of BS antennas for all
considered schemes. The proposed AHP is able to approach the
conventional HP when M becomes large, and the performance
gap to the FD-BP is only about 0.5 bps/Hz when M = 1024 is
considered.
V. CONCLUSIONS
In this letter, we have proposed an adaptive hybrid precod-
ing to approach the performance of the conventional HP with
reduced complexity for mmWave based massive MIMO sys-
tems. By inserting an adaptive connection network between
RF chains and APSs, the analog precoding is able to adap-
tively match the DL channel to improve the users’ average DL
achievable rate. Moreover, a multi-user adaptive analog precod-
ing has been proposed to provide a near-optimal solution to the
joint-design of the adaptive connection network and the phases
of APSs.
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